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1 	 | 	 INTRODUCTION

Nearly	 all	 organisms	 on	 the	 planet	 Earth	 exhibit	 behav-
ioral,	physiological,	and	biochemical	rhythms	with	a	24-	h	
periodicity.	 Distinct	 intrinsic	 molecular	 oscillators	 are	
believed	to	coordinate	diverse	biological	processes	under	

circadian	rhythms	(Reinke	&	Asher,	2019).	The	molecular	
and	behavioral	rhythms	driven	by	the	circadian	oscillators	
enable	organisms	to	anticipate	and	benefit	from	daily	en-
vironmental	 changes.	 Thereby,	 circadian	 rhythms	 affect	
the	organism's	survival	and	fitness	via	appropriate	behav-
ioral	adaptation	on	a	daily	basis	(Brown,	2016;	Reinke	&	
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Abstract
Shift	work	disorders	have	become	an	emerging	concern	worldwide.	Shift	disor-
ders	encompass	a	wide	range	of	illnesses	that	have	yet	to	be	identified.	The	study	
focused	on	the	relationship	between	shift	work	disorders	and	insulin	resistance.	
Previously,	it	was	reported	that	advancing	the	usual	mealtime	of	mice	triggered	
insulin	resistance.	Here,	the	hypothesis	that	chronic	mealtime	shifts	induce	oxi-
dative	damage	leading	to	chronic	diseases	such	as	type	2	diabetes	was	tested.	It	
was	found	that	mealtime	shift	causes	imbalances	between	anti-	oxidative	capacity	
and	reactive	oxygen	species	(ROS)	levels,	indicating	increased	oxidative	damage	
during	the	 light/rest	phase.	This	study	further	demonstrated	that	daily	supple-
mentation	of	antioxidants	at	the	appropriate	time	of	day	inhibited	insulin	resist-
ance	caused	by	chronic	mealtime	shifts,	suggesting	significant	and	chronic	health	
implications	 for	 shift	 workers.	 In	 conclusion,	 it	 was	 confirmed	 that	 increased	
ROS	levels	caused	by	mealtime	shift	induce	insulin	resistance,	which	is	inhibited	
by	the	antioxidant	melatonin.
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Asher,	2019;	Zimmet	et	al.,	2019).	The	significance	of	these	
endogenous	circadian	rhythms	is	best	appreciated	under	
severe	 alteration,	 either	 via	 pathological	 changes	 due	 to	
genetic	defects	within	the	core	clock	genes	or	by	chronic	
circadian	 disturbances	 per se	 (Brown,	 2016;	 Noh	 et	 al.,	
2011;	Park	et	al.,	2012;	Reinke	&	Asher,	2019;	Yoon	et	al.,	
2012;	 Zimmet	 et	 al.,	 2019).	 Humans	 are	 active	 predom-
inantly	 during	 the	 light	 phase.	With	 the	 advent	 of	 light	
bulbs,	however,	 individuals	 increasingly	 tend	 to	work	at	
unusual	times	of	the	day	in	most	industrialized	countries.	
For	example,	a	significant	proportion	(16~28%)	of	the	pop-
ulation	works	in	various	shifts	currently	(Kervezee	et	al.,	
2018;	Kolbe-	Alexander	et	al.,	2019).	Several	lines	of	epide-
miological	evidence	clearly	indicate	that	those	who	work	
in	shifts	are	more	likely	to	develop	chronic	illnesses,	such	
as	obesity,	type	2	diabetes,	cardiometabolic	consequences,	
and	sleep	disturbances	(Lim	et	al.,	2018;	Liu	et	al.,	2018;	
Zimmet	et	al.,	2019;	Zoto	et	al.,	2019).	Thus,	 the	precise	
mechanisms	linking	circadian	disturbances	to	chronic	dis-
eases	and	the	possible	strategies	to	prevent	them	need	to	
be	identified.	To	address	these	issues,	appropriate	animal	
models	of	circadian	disturbance	are	required.	Specifically,	
as	 the	 feeding/fasting	 cycle	 plays	 an	 important	 role	 in	
metabolic	homeostasis,	it	has	been	speculated	that	having	
meals	at	unusual	times	of	day	may	lead	to	disturbances	in	
metabolic	rhythm	(Yoon	et	al.,	2012).

Gehring	 and	 Rosbash	 (2003)	 once	 hypothesized	 that	
circadian	 rhythms	 or	 the	 intrinsic	 molecular	 oscillators	
had	evolved	to	minimize	UV-	induced	damage	during	the	
early	metazoan	period.	As	UV	irradiation	increases	reac-
tive	oxygen	species	(ROS)	levels	and	induces	apoptosis	of	
the	 affected	 cells	 (Makrantonaki	 &	 Zouboulis,	 2007),	 it	
is	tempting	to	speculate	that	circadian	disturbances	may	
dysregulate	ROS	 levels	and	 lead	 to	subsequent	oxidative	
stress-	related	disorders.	In	support	of	this	notion,	almost	
all	shift	work	disorders	(Shift	work	disorders)	mentioned	
above	 are	 closely	 related	 to	 increased	 oxidative	 stress	
(Teixeira	et	al.,	2019).	Moreover,	genetic	defects	within	the	
core	clock	genes	have	been	 implicated	 in	 the	dysregula-
tion	of	oxidative	stress	involving	the	brain	and	the	periph-
eral	tissues	(Lee	et	al.,	2013;	Musiek	et	al.,	2013).

Oxidative	 stress	 is	 related	 to	 Shift	 work	 disorders	
(Gibson.,	2022;	Teixeira	et	al.,	2019).	In	fact,	 it	 is	known	
that	oxidative	stress	is	related	to	insulin	resistance,	which	
is	one	of	 the	most	 important	 features	of	 type	2	diabetes	
(Demir	et	al.,	2016).	Although	the	pathway	linking	oxida-
tive	stress	and	insulin	resistance	is	not	well-	known,	active	
investigations	are	ongoing.	In	this	study,	we	resolved	the	
link	between	oxidative	stress	and	type	2	diabetes,	one	of	
the	Shift	work	disorders.

Previously,	we	reported	that	 feeding	mice	chronically	
at	 unusual	 times	 during	 the	 day	 perturbs	 the	 circadian	
rhythm	 along	 with	 behavioral	 and	 metabolic	 alterations	

including	 insulin	resistance	(Yoon	et	al.,	2012).	Thus,	 in	
the	present	study	using	the	same	animal	model	of	meal-
time	 shift,	 we	 first	 investigated	 the	 pattern	 of	 circadian	
activity	 in	 the	 mice.	 We	 then	 attempted	 to	 evaluate	 the	
hypothesis	of	dysregulation	of	ROS	levels	by	chronic	cir-
cadian	 disturbances	 resulting	 in	 oxidative	 stress-	related	
disorders	like	insulin	resistance.	To	this	end,	we	first	ex-
amined	how	mealtime	shift	affects	blood	ROS	levels	and	
anti-	oxidative	 capacity	 throughout	 a	 circadian	 cycle.	We	
then	investigated	the	effects	of	strong	antioxidants	such	as	
melatonin	on	blood	ROS	levels	and	antioxidative	capacity.	
Finally,	we	tested	whether	daily	injection	of	antioxidants	
can	prevent	mealtime	shift-	induced	insulin	resistance	and	
change	metabolic	factors.

2 	 | 	 MATERIALS AND METHODS

2.1	 |	 Materials

Melatonin	 was	 purchased	 from	 Sigma	 (St.	 Louis,	 MO,	
USA).	 Melatonin	 was	 first	 dissolved	 in	 absolute	 ethanol	
and	diluted	50-	fold	in	physiological	saline	prior	to	injec-
tion.	 Free	 oxygen	 radical	 defense	 test	 (FORD)	 and	 free	
oxygen	radical	test	(FORT)	assay	kits	were	obtained	from	
Callegari	 (Parma,	 Italy).	 Other	 chemicals	 and	 reagents,	
unless	mentioned	otherwise,	were	obtained	from	Sigma.

2.2	 |	 Animals care and handling

All	animal	experiments	were	approved	by	the	Kyung	Hee	
University	Institutional	Animal	Care	and	Use	Committee	
(Permit	 number:	 KHUASP(SE)-	11-	035)	 and	 performed	
under	its	guidelines.	All	the	animals	were	treated	to	mini-
mize	suffering.	C57BL/6J	male	mice	 (7 weeks	old)	were	
purchased	 from	DBL	(Seoul,	Korea).	Upon	arrival,	mice	
were	 acclimatized	 to	 a	 temperature-	controlled	 room	
(23  ±  1°C)	 with	 a	 12:12-	light–	dark	 (LD)	 photoperiodic	
cycle	 with	 food	 and	 water	 available	 all	 the	 time.	 Under	
experimental	settings,	mice	were	housed	in	a	light-	proof	
clean	 animal	 rack	 cabinet	 (Shin	 Biotech,	 Seoul,	 Korea)	
with	light	intensity	during	the	light	phase	maintained	at	
350~450 lux	at	the	bottom	of	the	cage.	Mice	were	continu-
ously	fed	with	normal	food	chows	ad libitum	until	the	ini-
tiation	of	scheduled	feeding.

2.3	 |	 Restrictive feeding schedule

Mice	were	randomly	divided	into	three	groups.	The	first	
group	 of	 mice	 (AF;	 ad libitum	 group)	 was	 continuously	
fed	ad libitum	during	the	experimental	period.	The	other	



   | 3 of 9PARK et al.

two	groups	of	mice	were	fed	only	during	the	late	day	(DF;	
daytime	feeding	groups,	ZT06~ZT11)	with	daily	intraperi-
toneal	(i.p.)	injection	of	either	vehicle	control	(2%	ethanol	
in	 physiological	 saline)	 or	 melatonin	 (Sigma,	 M5250)	 as	
an	antioxidant.	Melatonin	was	used	at	10 mg/kg	in	mouse	
body	weight.

2.4	 |	 Determination of oxidants and 
antioxidants levels in the blood

Reactive	 oxygen	 species	 (ROS)	 levels	 were	 determined	
using	 the	 FORT.	 In	 this	 test,	 the	 extent	 of	 free	 radicals	
produced	 by	 the	 reaction	 was	 directly	 proportional	 to	
the	number	of	 lipid	peroxides	present	 in	the	blood	sam-
ple	 (25  μl),	 which	 reacted	 with	 a	 phenylenediamine	 de-
rivative	 that	 forms	 a	 radical	 molecule.	 This	 molecule	
was	 detected	 by	 a	 spectrophotometer	 at	 505  nm	 (Form	
CR3000,	Callegari,	Parma,	Italy).	Results	were	expressed	
in	 FORT	 units,	 where	 1	 FORT	 unit	 corresponds	 to	
0.26  mg/L	 of	 H2O2.	 Antioxidant	 capacity	 was	 evaluated	
by	 a	 Trolox	 equivalent	 antioxidant	 capacity	 assay	 using	
the	 FORD.	 In	 the	 presence	 of	 an	 acidic	 buffer	 (pH	 5.2)	
and	a	suitable	oxidant	(FeCl3),	the	chromogen	containing	
4-	amino-	N,N-	diethylaniline	 sulfate	 formed	 a	 stable	 and	
colored	radical	cation	 that	was	photometrically	detected	
at	505 nm.	Antioxidant	compounds	 in	 the	blood	sample	
(45 μl)	 reduced	 the	 radical	cation	of	 the	chromogen,	 re-
sulting	in	decoloration	of	the	solution,	which	was	propor-
tional	to	the	antioxidant	concentrations.

2.5	 |	 Activity monitoring

To	measure	the	locomotor	activity	and	body	temperature,	
mice	were	exposed	to	light	ether	anesthesia	and	surgically	
implanted	with	a	G2	E-	mitter	probe	(Mini	Mitter,	Oregon,	
USA.)	on	the	dorsal	neck	under	the	skin	(Makrantonaki	
&	 Zouboulis,	 2007).	 Body	 temperature	 (BT)	 and	 home-	
cage	activity	(HCA)	from	E-	mitter	probe	were	registered	
by	a	receiver	placed	under	the	cage	and	connected	to	the	
computer.	Wheel	running	activity	(WRA)	was	measured	
by	 the	 switch	 and	 magnetic	 bar	 placed	 laterally	 on	 the	
running	wheel	(12 cm	in	diameter	and	5.4 cm	wide)	con-
nected	to	the	computer.	BT,	HCA,	and	WRA	were	meas-
ured	using	the	Activity	Monitoring	System	(Mini	Mitter,	
Oregon,	USA)	and	recorded	at	6-	min	intervals	using	the	
VitalView®	 Data	 Acquisition	 System.	 Individual	 acto-
grams	 were	 obtained	 using	 the	 ActiView®	 software.	 To	
obtain	the	daily	pattern,	monitoring	results	retrieved	as	a	
Microsoft®	Excel	file	for	the	whole	recording	period	were	
either	averaged	(in	case	of	BT)	or	summed	up	(in	case	of	

HCA	and	WRA)	as	one-	hour	long	bins	and	the	resulting	
8 weeks	profiles	were	pooled	according	 to	 the	 indicated	
ZT.

2.6	 |	 Glucose tolerance test and insulin 
tolerance test

Previously,	 we	 observed	 that	 the	 time	 of	 the	 day	 had	
minimal	 impact	 on	 the	 results	 of	 the	 glucose	 tolerance	
test	 (GTT)	 and	 insulin	 tolerance	 test	 (ITT)	 (Yoon	 et	 al.,	
2012).	Thus,	we	performed	GTT	and	ITT	after	16 h	fasting	
since	the	last	scheduled	meal.	For	GTT,	D-	glucose	(Sigma,	
G5767;	2 g/kg	body	weight)	was	injected	intraperitoneally	
(ip).	For	ITT,	insulin	(Lilly,	HI0210,	0.5 U/kg	body	weight)	
was	injected	i.p.	after	16 h	fasting.	Blood	samples	were	col-
lected	at	0,	15,	30,	60,	and	120 min	for	the	determination	of	
blood	glucose	levels	as	previously	described	(Yoon	et	al.,	
2012).

2.7	 |	 Statistical Analysis

Data	 were	 expressed	 as	 the	 mean  ±  SEM	 and	 analyzed	
using	the	one-	way	ANOVA.	Student's	t-	test	was	used	for	
statistical	comparisons	between	the	two	groups.	Statistical	
significance	was	set	at	p < 0.05.

3 	 | 	 RESULTS

3.1	 |	 Chronic mealtime shift 
significantly affects antioxidative capacity 
and ROS levels differently within the blood

First,	we	analyzed	the	diurnal	variations	of	anti-	oxidative	
capacity	and	ROS	levels	within	the	blood	of	mice	fed	ad 
libitum.	Blood	antioxidative	capacity	as	determined	by	the	
FORD	assay	showed	minimal	variation	under	a	12:12	LD	
photoperiodic	cycle	(Figure	1a,	open	circles).	Nevertheless,	
it	 is	plausible	that	the	antioxidative	capacity	is	relatively	
high	during	the	light/rest	phase	and	low	during	the	dark/
active	phase	in	this	nocturnal	animal.	In	contrast,	blood	
ROS	 levels	 measured	 using	 the	 FORT	 assay	 showed	 a	
pronounced	 diurnal	 variation	 under	 the	 study	 design	
adopted.	An	almost	twofold	difference	between	nadir	(at	
ZT0)	and	zenith	(around	ZT12)	was	clearly	visible	(Figure	
1b,	open	circle).	Thus,	we	conclude	 that	both	antioxida-
tive	capacity	and	ROS	levels	display	distinct	diurnal	vari-
ations	 in	 mice	 fed	 ad libitum.	 Next,	 we	 investigated	 the	
effects	of	chronic	daytime	feeding	(DF;	Yoon	et	al.,	2012)	
on	antioxidative	capacity	and	ROS	levels	after	4 weeks	of	
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scheduled	feeding.	As	shown	in	Figure	1	(closed	circles),	
both	were	significantly	affected,	but	in	a	different	manner.	
Significant	increases	in	anti-	oxidative	capacity	during	the	
early	scotophase	and	large	increases	in	ROS	levels	during	
the	light	phase	were	observed	prominently.	Therefore,	we	

conclude	that	feeding	mice	during	the	late	light/rest	phase	
significantly	 disrupt	 homeostatic	 regulation	 of	 the	 anti-
oxidative	 defense	 system.	 Moreover,	 we	 can	 expect	 that	
anti-	oxidative	 defense	 will	 be	 severely	 hampered	 during	
the	light	phase	in	this	animal	model.

F I G U R E  1  Antioxidant	capacity	and	ROS	level	in	AF	and	DF	group.	The	effects	of	mealtime	shift	on	anti-	oxidative	capacity	(a)	and	
ROS	levels	(b)	within	the	blood	vary	across	a	circadian	cycle.	Young	adult	male	mice	were	first	entrained	to	a	12:12	LD	photoperiodic	cycle	
for	a	week	with	food	and	water	provided	ad libitum.	The	mice	were	fed	either	ad libitum	(AF,	open	circle)	or	in	a	time-	restrictive	manner	
during	the	late	daytime	(DF,	closed	circle)	for	4 weeks.	Blood	anti-	oxidative	capacity	(a)	and	ROS	levels	(b)	were	determined	at	3-	h	intervals	
throughout	a	circadian	cycle	using	FORD	and	FORT	assay	kits,	respectively.	Shades	indicate	the	duration	of	time-	restrictive	feeding	in	DF	
group.	All	data	are	expressed	as	mean ± SEM.	(n = 3–	6	per	each	time	point).	*p < 0.05	versus	AF	group

F I G U R E  2  Experimental	scheme	and	FORD/FORT	assay	result	in	AF,	DF,	DF + V,	and	DF + MEL.	Young	adult	C57BL/6J	male	mice	
(8 weeks	old)	were	first	entrained	to	a	12:12	LD	cycle	for	1 week	with	food	and	water	ad libitum.	(a)	The	mice	were	randomly	divided	into	
three	groups:	Food	available	ad libitum	(AF),	food	available	during	the	late	day	(ZT	6–	11)	with	daily	i.p.	injection	of	vehicle	(2%	ethanol	in	
physiological	saline)	at	ZT	23	(DF + V)	and	food	available	during	the	late	day	with	daily	i.p.	injection	of	melatonin	(10 mg/kg	body	weight)	
at	ZT	23	(DF + MEL).	Drug	administration	was	conducted	under	dim	red	light.	Water	was	available	all	the	time	in	all	groups.	(b),	(c)	Daily	
injection	of	antioxidants	increases	the	antioxidative	capacity	and	blocks	mealtime	shift-	induced	increases	of	ROS	levels.	Mice	were	fed	either	
ad libitum	(AF)	or	in	a	time-	restricted	manner	during	the	late	daytime	(DF)	for	6 weeks	as	shown	in	(a).	Sets	of	DF	mice	were	injected	i.p.	
with	a	vehicle	or	melatonin	daily	at	ZT23	for	the	last	2 weeks	of	scheduled	feeding.	FORD/FORT	assays	were	performed	between	ZT9	and	
ZT12.	All	data	are	expressed	as	mean ± SEM	(n = 10–	13	per	group).	*p < 0.05	versus	AF	group.	#p < 0.05	versus	DF	group
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3.2	 |	 Daily injection of antioxidants 
increases antioxidative capacity and 
blocks mealtime shift- induced increases in 
ROS levels

In	our	animal	model	of	mealtime	shift,	increased	oxidative	
damage	was	expected	during	the	light	phase.	Thus,	we	de-
cided	to	inject	antioxidants	daily	at	ZT23	just	before	any	
increases	in	ROS	levels	ensue.	Melatonin	(MEL)	was	se-
lected	as	the	antioxidant	due	to	its	strong	antioxidative	ac-
tivity	and	is	widely	used	in	various	oxidative	stress-	related	
studies	(Noh	et	al.,	2014;	Yu	&	Tan,	2019).	Mice	were	fed	
either	 ad libitum	 (AF)	 or	 during	 the	 late	 daytime	 (DF)	
for	6 weeks.	For	the	last	two	weeks	of	scheduled	feeding,	
MEL	(10 mg/kg	body	weight)	was	injected	i.p.	every	day	
at	ZT23	(Figure	2a).	The	antioxidative	capacity	and	ROS	
levels	 within	 the	 blood	 were	 determined	 between	 ZT9	
and	ZT12.	As	shown	in	Figure	2b,	the	mealtime	shift	(DF	
group)	 slightly	but	 significantly	 increased	 the	antioxida-
tive	capacity	at	this	time	point	(see	also	Figure	1a).	More	
importantly,	daily	injection	of	MEL	further	increased	the	
antioxidative	 capacity	 in	 these	 animals.	 Moreover,	 MEL	
efficiently	 blocked	 the	 mealtime	 shift-	induced	 increase	
in	ROS	levels	(Figure	2c).	Thus,	daily	single	injections	of	
strong	 antioxidants	 like	 MEL	 at	 appropriate	 times	 dur-
ing	 the	 day	 may	 be	 used	 to	 block	 the	 oxidative	 damage	
induced	by	mealtime	shifts.

3.3	 |	 Time- restrictive feeding 
considerably alters WRA, BT, and HCA 
rhythms in young adult male mice

To	investigate	 the	possible	changes	of	body	temperature	
and	behavioral	rhythms	caused	by	mealtime	shift,	young	
adult	 male	 mice,	 surgically	 implanted	 with	 E-	mitter	
probes,	were	fed	time-	restrictedly	as	shown	schematically	
in	Figure	2

A.	 During	 the	 2  weeks	 of	 entraining	 and	 following	
8  weeks	 of	 time-	restricted	 feeding,	 WRA,	 BT,	 and	 HCA	
were	continuously	recorded.	Average	daily	profiles	for	the	
8 weeks	of	time-	restricted	feeding	are	depicted	in	Figure	3.	
Compared	with	AF,	DF	mice	showed	increased	WRA	from	
ZT4	until	the	mealtime,	which	is	a	well-	recognized	food-	
anticipatory	 activity	 in	 mice	 exposed	 to	 time-	restricted	
feeding	 (Figure	 3a).	 Time-	restricted	 feeding	 induced	 a	
rapid	 decline	 in	 body	 temperature	 during	 the	 night	 and	
increase	in	body	temperature	during	the	mealtime	(Figure	
3c).	Changes	in	HCA	rhythms	are	comparable	to	those	of	
WRA	(Figure	3e).	Daily	supplementation	of	MEL	did	not	
significantly	alter	the	WRA	and	HCA	rhythms	compared	
with	 the	DF	group	(Figure	3b	and	f).	Melatonin	supple-
mentation	 significantly	 increased	 only	 the	 HCA	 rhythm	

during	the	early	night	(Figure	3E).	As	shown	in	Figure	3b,	
d,	 and	 f,	 daytime	 feeding	 reduced	 daily	WRA	 and	 HCA	
as	well	as	the	averaged	body	temperature,	which	was	not	
significantly	altered	by	daily	MEL	supplementation.

3.4	 |	 Daily injection of antioxidants 
prevents insulin resistance induced by 
chronic mealtime shift

We	examined	the	effect	of	daily	injection	of	MEL	on	insu-
lin	resistance	induced	by	chronic	mealtime	shifts.	After	a	
week	of	acclimatization,	mice	were	fed	either	ad libitum	
(AF)	or	during	the	late	daytime	(DF)	with	or	without	daily	
injection	of	antioxidants	at	ZT23	for	13	consecutive	weeks.	
GTTs	 or	 ITTs	 were	 performed	 at	 the	 9th,	 11th,	 or	 13th	
weeks	of	scheduled	feeding.	GTT	performed	at	week	9	did	
not	 reveal	 any	 significant	 difference	 among	 the	 groups	
(Figure	S3).	However,	ITT	performed	at	week	11	(Figure	
4a	and	c)	or	13	(Figure	4b	and	d)	revealed	dramatic	effects	
of	 MEL.	 The	 chronic	 mealtime	 shift	 definitely	 induced	
insulin	resistance	(see	DF + V	group	in	Figure	4),	repro-
ducing	 previous	 observations	 (Yoon	 et	 al.,	 2012).	 More	
importantly,	daily	injection	of	antioxidants	at	ZT23	ame-
liorated	 insulin	 resistance	 induced	 by	 chronic	 mealtime	
shifts.	Overall,	the	mealtime	shift	negatively	affected	the	
antioxidative	defense	system	leading	to	metabolic	distur-
bances	 like	 insulin	 resistance,	 which	 can	 be	 efficiently	
blocked	 by	 daily	 supplementation	 of	 antioxidants	 at	 the	
appropriate	time	of	the	day.

4 	 | 	 DISCUSSION

In	modern	society,	shift	workers	with	frequent	disruption	
in	their	circadian	rhythms,	are	known	to	be	increasingly	
vulnerable	 to	 chronic	 illnesses	 such	 as	 cancer,	 obesity,	
type	 2	 diabetes,	 hypertension,	 cardiovascular	 diseases,	
gastrointestinal	problems,	urological	problems,	 irregular	
menstruation,	 infertility,	 accelerated	 aging,	 premature	
deaths,	 and	 various	 psychiatric/mental	 problems	 (Jin	
et	 al.,	 2017;	 Kervezee	 et	 al.,	 2018;	 Lim	 et	 al.,	 2018;	 Liu	
et	al.,	2018;	Noh	et	al.,	2011;	Park	et	al.,	2012;	Yoon	et	al.,	
2012;	Zimmet	et	al.,	2019;	Zoto	et	al.,	2019).	Intrinsic	circa-
dian	oscillators	are	estimated	to	have	first	appeared	in	the	
history	of	life	about	2.3	billion	years	ago	under	the	great	
oxidative	event	 (Karafyllidis,	2012).	Their	evolution	as	a	
defense	mechanism	to	prevent	excessive	stress	 (Gehring	
&	 Rosbash,	 2003)	 and	 chronic	 disturbances	 of	 circadian	
rhythms	 disrupted	 the	 homeostatic	 regulation	 of	 stress	
management,	resulting	in	the	prevalence	of	stress-	related	
disorders.	 In	 the	 current	 study,	 we	 showed	 that	 feeding	
mice	 at	 unusual	 times	 of	 the	 day	 leads	 to	 an	 imbalance	
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between	antioxidative	capacity	and	ROS	levels,	indicating	
increased	 oxidative	 damage	 during	 the	 light/rest	 phase.	
Further,	we	demonstrated	that	daily	supplementation	of	
melatonin	prevents	mealtime	shift-	induced	insulin	resist-
ance,	a	major	symptom	of	type	2	diabetes.

In	the	present	work,	we	utilized	the	same	animal	model	
of	mealtime	shift	reported	previously	(Yoon	et	al.,	2012).	
where	 animals	 were	 fed	 in	 a	 time-	restricted	 manner	 to	
advance	their	usual	mealtime	by	6 h.	The	chronic	meal-
time	shift	not	only	alters	circadian	rhythms	and	behaviors	
but	 leads	 to	 disturbances	 in	 various	 metabolic	 rhythms,	
resulting	in	severe	insulin	resistance.	In	this	study,	we	not	
only	 reproduced	 the	 previous	 findings	 but	 also	 showed	
that	antioxidants	supplied	daily	at	the	proper	time	of	day	
prevent	 insulin	 resistance,	 suggesting	 that	 this	 animal	
model	represents	a	more	realistic	experimental	model	of	
type	2	diabetes	than	others	currently	used	(Al-	Awar	et	al.,	
2016;	Bowe	et	al.,	2014;	Bunner	et	al.,	2014;	Skovsø,	2014;	
Yin	et	al.,	2019).

When	 fed	 freely,	 nocturnal	 mice	 consume	 most	 of	
their	food	in	the	early	scotophase	(Sanchez-	Alavez	et	al.,	
2017;	Yoon	et	al.,	2012).	Under	this	condition,	blood	anti-
oxidative	capacity	remains	almost	constant	or	displays	a	
diurnal	 rhythm	with	a	 tiny	amplitude,	while	blood	ROS	
level	exhibits	a	prominent	rhythm	with	a	large	amplitude	
(Figure	1).	ROS	level	reaches	the	nadir	at	the	end	of	sco-
tophase,	 gradually	 increases	 during	 the	 light/rest	 phase,	
and	reaches	the	zenith	around	the	beginning	of	the	dark	
phase.	 Such	 a	 prominent	 rhythm	 reflects	 the	 expression	
of	 diverse	 molecular	 regulators	 including	 anti-		 and	 pro-	
oxidative	enzymes	within	 the	body	(Cao	et	al.,	2015;	Xu	
et	al.,	2012),	which	requires	further	investigation.

Advancing	 the	 usual	 mealtime	 of	 mice	 by	 6  h	 led	 to	
diurnal	variations	in	antioxidative	capacity	and	ROS	lev-
els	 (Figure	 1).	 The	 antioxidative	 capacity	 significantly	
increased	 in	 the	 early	 night	 while	 the	 levels	 of	 ROS	
showed	 huge	 increments	 during	 the	 light	 phase.	 These	
changes	 result	 in	 imbalance	 between	 oxidative	 stress	

F I G U R E  3  Daily	rhythms	of	WRA,	
BT,	and	HCA	of	young	adult	male	mice	
under	time-	restrictive	feeding.	Young	
adult	male	mice	(8 weeks	old),	surgically	
implanted	with	E-	mitter	probes,	were	first	
entrained	to	a	12:12	LD	photoperiodic	
cycle	for	2 weeks	with	food	and	water	
provided	ad libitum.	Mice	were	then	
exposed	to	time-	restricted	feeding	as	
schematized	in	Figure	2A.	Daily	patterns	
of	WRA	(a),	BT	(c)	and	HCA	in	AF,	
DF + V,	and	DF + MEL	(e)	are	shown.	
Gray	bars	indicate	meal	times	in	day-	time	
feeding.	To	obtain	the	daily	patterns,	
monitoring	results	for	the	whole	time-	
restricted	period	were	either	summed	up	
(in	case	of	WRA	and	HCA)	or	averaged	
(in	case	of	BT)	as	1 h	bin	and	the	resulting	
8 week	profiles	were	pooled	according	to	
the	indicated	ZT	(mean ± SEM,	n = 4	per	
group).	***p < 0.005	versus	AF;	#p < 0.05	
versus	DF + V
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and	 antioxidative	 activity,	 indicating	 increased	 oxidative	
damage	 during	 the	 light	 phase.	 Therefore,	 we	 adminis-
tered	melatonin,	a	strong	antioxidant	(Skovsø	et	al.,	2015;	
Yu	&	Tan,	2019),	at	ZT23	just	before	any	damage	was	ex-
pected.	As	a	 result,	 the	blood	antioxidative	capacity	was	
significantly	 increased,	 and	 mealtime	 shift-	induced	 in-
creases	of	ROS	levels	were	almost	completely	blocked	by	
these	treatments	(Figure	2),	suggesting	that	administering	
an	 adequate	 amount	 of	 antioxidants	 at	 the	 appropriate	
time	 of	 day	 can	 prevent	 oxidative	 damage	 adequately.	
Nevertheless,	 further	 studies	 are	 needed	 to	 investigate	
and	 identify	 the	 most	 efficient	 antioxidants,	 proper	 dos-
ages,	and	their	feasibility	in	human	application,	especially	
in	shift	workers.

We	 determined	 whether	 antioxidants	 affected	 loco-
motor	activity	and	body	temperature	rhythms	induced	by	
time-	restricted	feeding	(Figures	S1	and	S2).	Time-	restricted	
feeding	caused	a	strong	torpor-	like	symptom,	which	was	
not	 prevented	 by	 the	 antioxidant	 treatment.	 Torpor	 re-
fers	 to	 a	 state	 of	 reduced	 physiological	 activity	 in	 small	
animals,	a	response	to	increased	survival	under	deficient	
nutritional	 intake.	 Administration	 of	 melatonin	 further	
lowered	body	temperature	than	vehicle	treatment	(Figure	
3d),	suggesting	that	melatonin	increased	the	incidence	of	
daily	 torpor.	 Effects	 of	 melatonin	 on	 HCA	 and	 locomo-
tor	activity	were	not	significantly	different	from	those	of	

vehicles	(Figure	3b	and	f).	Administration	of	melatonin	is	
known	to	reduce	locomotor	activity	(Musiek	et	al.,	2013).	
Accordingly,	torpor	induced	by	time-	restricted	feeding	ap-
pears	 to	 be	 enhanced	 by	 melatonin	 at	 some	 time	 points	
(Figure	3e).	However,	 the	amplitude	of	activity	 in	ZT12-	
16 significantly	increased	under	time-	restricted	feeding	in	
this	experiment	and	may	improve	health	status.

Most	of	the	shift	work	disorders	are	closely	related	to	
diseases	 caused	 by	 increased	 oxidative	 stress.	 According	
to	a	 recent	 study,	 there	 is	an	 increase	 in	oxidative	stress	
indicators	in	night	workers,	such	as	increased	DNA	dam-
age,	 reduced	DNA	recovery	ability,	and	reduced	antioxi-
dant	defense	 (Gibson.,	2022).	However,	 to	 infer	a	causal	
relationship	 between	 shift	 work	 and	 increased	 oxidative	
stress,	additional	studies	are	needed	to	confirm	the	exact	
mechanism.	 In	 this	study,	oxidative	stress	 increased	due	
to	damaged	circadian	rhythm	caused	by	mealtime	shifts,	
resulting	in	insulin	resistance.

It	 was	 discovered	 that	 when	 mice	 with	 insulin	 resis-
tance	 were	 given	 melatonin,	 a	 powerful	 antioxidant,	 as	
a	mealtime	shift,	their	insulin	levels	returned	to	normal.	
Although	it	was	not	possible	to	reproduce	the	broken	cir-
cadian	 rhythm	 that	 occurs	 in	 shift	 workers,	 considering	
that	 food	 intake	by	shift	workers	occurs	mainly	at	night	
time,	 the	 rest	 phase	 (Lennernäs	 et	 al.,	 1995),	 mealtime	
shift	could	be	one	of	 the	causes	of	 the	broken	circadian	

F I G U R E  4  Daily	injection	of	antioxidants	prevents	mealtime	shift-	induced	insulin	resistance.	Young	adult	male	mice	were	first	
entrained	to	a	12:12	LD	photoperiodic	cycle	for	a	week	and	then	fed	either	ad libitum	or	in	a	time-	restricted	manner	for	13	consecutive	
weeks	with	a	daily	injection	of	vehicle	or	melatonin	as	shown	in	Figure	2A.	Insulin	tolerance	tests	were	performed	at	Weeks	11	(a	and	c)	or	
13	(b	and	d)	in	the	scheduled	feeding.	Time-	course	changes	of	blood	glucose	levels	in	response	to	insulin	(a	and	b)	and	area	under	the	curve	
(c	and	d)	are	shown	here.	All	data	are	expressed	as	mean ± SEM	(n = 6	per	group).	*p < 0.05	versus	AF	group;	#p < 0.05	versus	vehicle-	
injected	group
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rhythm	of	shift	workers.	Therefore,	it	was	possible	to	find	
out	 that	 high	 oxidative	 stress	 in	 shift	 workers	 was	 cor-
related	 with	 increased	 oxidative	 stress	 due	 to	 mealtime	
shifts.	 In	 addition,	 when	 melatonin,	 a	 powerful	 antioxi-
dant,	was	administered,	the	insulin	level	was	restored	to	
normal	along	with	the	reduction	of	oxidative	stress,	sug-
gesting	a	relationship	between	the	oxidative	stress	mecha-
nism	and	circadian	rhythm.

The	relationship	between	the	increase	in	oxidative	stress	
and	insulin	resistance	requires	further	mechanism	studies.	
Based	on	these	studies,	it	can	be	interesting	to	assess	how	
antioxidants	lower	insulin	levels.	It	is	necessary	to	evalu-
ate	the	effects	of	antioxidants	on	possible	prevention	and	
treatment	 of	 other	 chronic	 diseases	 and	 to	 elucidate	 the	
precise	 mechanisms.	 More	 importantly,	 the	 feasibility	 of	
antioxidants	should	be	investigated	in	a	wide	range	of	clin-
ical	trials	in	human	subjects,	especially	in	shift	workers.

In	conclusion,	 it	 can	be	said	 that	mealtime	shift	af-
fects	diurnal	rhythms	in	antioxidative	capacity	and	ROS	
levels	 differently.	 Accordingly,	 supplementation	 of	 an-
tioxidants	during	the	day	at	specific	times	not	only	pre-
vents	increases	in	ROS	levels	but	also	overcome	insulin	
resistance.

ACKNOWLEDGEMENTS
The	authors	thank	everyone	for	their	technical	expertise	
and	support	in	this	project.

CONFLICT OF INTEREST
The	author	does	not	declare	conflicts	of	interest	that	may	
be	 perceived	 as	 impeding	 the	 fairness	 of	 the	 reported	
study.

AUTHOR CONTRIBUTION
Conceived	 and	 designed	 the	 experiments:	 JP,	 DHH,	
SC.	 Performed	 the	 experiments:	 JP,	 JK,	 YY,	 DHH,	 JH,	
SC.	 Analyzed	 the	 data:	 JP,	 JK,	 YY,	 DHH,	 KK,	 JH,	 SC.	
Contributed	 reagents/materials/analysis	 tools:	 KK,	 JH,	
SC.	Wrote	the	paper:	JP,	JH,	SC.

ORCID
Sehyung Cho  	https://orcid.org/0000-0003-1272-0139	

REFERENCES
Al-	Awar,	A.,	Kupai,	K.,	Veszelka,	M.,	Szűcs,	G.,	Attieh,	Z.,	Murlasits,	

Z.,	Tőrők,	 S.,	 Pósa,	 A.,	 &	Varga,	 C.	 (2016).	 Experimental	 dia-
betes	mellitus	 in	different	animal	models.	Journal of Diabetes 
Research,	2016,	1–	12.	https://doi.org/10.1155/2016/9051426

Bowe,	J.	E.,	Franklin,	Z.	J.,	Hauge-	Evans,	A.	C.,	King,	A.	J.,	Persaud,	
S.	J.,	&	Jones,	P.	M.	(2014).	Metabolic	phenotyping	guidelines:	
Assessing	 glucose	 homeostasis	 in	 rodent	 models.	 Journal 
of Endocrinology,	 222,	 G13–	G25.	 https://doi.org/10.1530/
JOE-	14-	0182

Brown,	S.	A.	(2016).	Circadian	metabolism:	From	mechanisms	to	metab-
olomics	and	medicine.	Trends in Endocrinology and Metabolism,	
27(6),	415–	426.	https://doi.org/10.1016/j.tem.2016.03.015

Bunner,	 A.	 E.,	 Chandrasekera,	 P.	 C.,	 &	 Barnard,	 N.	 D.	 (2014).	
Knockout	 mouse	 models	 of	 insulin	 signaling:	 Relevance	 past	
and	future.	World Journal of Diabetes,	5,	146–	159.	https://doi.
org/10.4239/wjd.v5.i2.146

Cao,	 H.,	 Qin,	 F.,	 Liu,	 X.,	 Wang,	 J.,	 Cao,	 Y.,	 Tong,	 J.,	 &	 Zhao,	 H.	
(2015).	 Circadian	 rhythmicity	 of	 antioxidant	 markers	 in	 rats	
exposed	to	1.8	GHz	radiofrequency	fields.	International Journal 
of Environmental Research and Public Health,	 12,	 2071–	2087.	
https://doi.org/10.3390/ijerp	h1202	02071

Demir,	 I.,	 Toker,	 A.,	 Zengin,	 S.,	 Laloglu,	 E.,	 &	 Aksoy,	 H.	 (2016).	
Oxidative	 stress	 and	 insulin	 resistance	 in	 policemen	 work-
ing	 shifts.	 International Archives of Occupational and 
Environmental Health,	89(3),	407–	412.	https://doi.org/10.1007/
s0042	0-	015-	1079-	1

Gehring,	 W.,	 &	 Rosbash,	 M.	 (2003).	 The	 coevolution	 of	 blue-	light	
photoreception	 and	 circadian	 rhythms.	 Journal of Molecular 
Evolution,	 57,	 S286–	S289.	 https://doi.org/10.1007/s0023	
9-	003-	0038-	8

Gibson,	 M.	 (2022).	 A	 systematic	 review	 of	 the	 relationship	 be-
tween	 night	 shift	 work	 and	 oxidative	 stress.	 Chronobiology 
International,	 39(2),	 285–	298.	 https://doi.org/10.1080/07420	
528.2021.1989446

Jin,	Y.,	Hur,	T.	Y.,	&	Hong,	Y.	(2017).	Circadian	rhythm	disruption	
and	 subsequent	 neurological	 disorders	 in	 night-	shift	 work-
ers.	 Journal of Lifestyle Medicine,	 7(2),	 45–	50.	 https://doi.
org/10.15280/	jlm.2017.7.2.45

Karafyllidis,	I.	G.	(2012).	Mechanics	and	resonance	of	the	cyanobac-
terial	circadian	oscillator.	Biosystems,	109,	137–	140.	https://doi.
org/10.1016/j.biosy	stems.2012.02.008

Kervezee,	 L.,	 Shechter,	 A.,	 &	 Boivin,	 D.	 B.	 (2018).	 Impact	 of	 shift	
work	 on	 the	 circadian	 timing	 system	 and	 health	 in	 women.	
Sleep Medicine Clinics,	13(3),	295–	306.	https://doi.org/10.1016/j.
jsmc.2018.04.003

Kolbe-	Alexander,	T.	L.,	Gomersall,	S.,	Clark,	B.,	Torquati,	L.,	Pavey,	
T.,	 &	 Brown,	 W.	 J.	 (2019).	 A	 hard	 day’s	 night:	 Time	 use	 in	
shift	 workers.	 BMC Public Health,	 19(S2),	 452.	 https://doi.
org/10.1186/s1288	9-	019-	6766-	5

Lee,	J.,	Moulik,	M.,	Fang,	Z.,	Saha,	P.,	Zou,	F.,	Xu,	Y.,	Nelson,	D.	L.,	
Ma,	K.,	Moore,	D.	D.,	&	Yechoor,	V.	K.	(2013).	Bmal1	and	β-	cell	
clock	are	required	for	adaptation	to	circadian	disruption,	and	
their	 loss	 of	 function	 leads	 to	 oxidative	 stress-	induced	 β-	cell	
failure	in	mice.	Molecular and Cellular Biology,	33,	2327–	3338.	
https://doi.org/10.1128/MCB.01421	-	12

Lennernäs,	M.,	Hambraeus,	L.,	&	Akerstedt,	T.	(1995).	Shift	related	
dietary	 intake	 in	 day	 and	 shift	 workers.	 Appetite,	 25(3),	 253–	
265.	https://doi.org/10.1006/appe.1995.0060

Lim,	 Y.	 C.,	 Hoe,	 V.	 C.	 W.,	 Darus,	 A.,	 &	 Bhoo-	Pathy,	 N.	 (2018).	
Association	 between	 night-	shift	 work,	 sleep	 quality	 and	 met-
abolic	 syndrome.	 Occupational and Environmental Medicine,	
75(10),	716–	723.	https://doi.org/10.1136/oemed	-	2018-	105104

Liu,	Q.,	Shi,	J.,	Duan,	P.,	Liu,	B.,	Li,	T.,	Wang,	C.,	Li,	H.,	Yang,	T.,	Gan,	
Y.,	Wang,	X.,	Cao,	S.,	&	Lu,	Z.	(2018).	Is	shift	work	associated	
with	a	higher	 risk	of	overweight	or	obesity?	A	 systematic	 re-
view	of	observational	studies	with	meta-	analysis.	International 
Journal of Epidemiology,	 47(6),	 1956–	1971.	 https://doi.
org/10.1093/ije/dyy079

https://orcid.org/0000-0003-1272-0139
https://orcid.org/0000-0003-1272-0139
https://doi.org/10.1155/2016/9051426
https://doi.org/10.1530/JOE-14-0182
https://doi.org/10.1530/JOE-14-0182
https://doi.org/10.1016/j.tem.2016.03.015
https://doi.org/10.4239/wjd.v5.i2.146
https://doi.org/10.4239/wjd.v5.i2.146
https://doi.org/10.3390/ijerph120202071
https://doi.org/10.1007/s00420-015-1079-1
https://doi.org/10.1007/s00420-015-1079-1
https://doi.org/10.1007/s00239-003-0038-8
https://doi.org/10.1007/s00239-003-0038-8
https://doi.org/10.1080/07420528.2021.1989446
https://doi.org/10.1080/07420528.2021.1989446
https://doi.org/10.15280/jlm.2017.7.2.45
https://doi.org/10.15280/jlm.2017.7.2.45
https://doi.org/10.1016/j.biosystems.2012.02.008
https://doi.org/10.1016/j.biosystems.2012.02.008
https://doi.org/10.1016/j.jsmc.2018.04.003
https://doi.org/10.1016/j.jsmc.2018.04.003
https://doi.org/10.1186/s12889-019-6766-5
https://doi.org/10.1186/s12889-019-6766-5
https://doi.org/10.1128/MCB.01421-12
https://doi.org/10.1006/appe.1995.0060
https://doi.org/10.1136/oemed-2018-105104
https://doi.org/10.1093/ije/dyy079
https://doi.org/10.1093/ije/dyy079


   | 9 of 9PARK et al.

Makrantonaki,	 F.,	 &	 Zouboulis,	 C.	 C.	 (2007).	 Molecular	 mecha-
nisms	 of	 skin	 aging:	 State	 of	 the	 art.	 Annals of the New York 
Academy of Sciences,	 1119,	 40–	50.	 https://doi.org/10.1196/
annals.1404.027

Musiek,	E.	S.,	Lim,	M.	M.,	Yang,	G.,	Bauer,	A.	Q.,	Qi,	L.,	Lee,	Y.,	Roh,	
J.	H.,	Ortiz-	Gonzalez,	X.,	Dearborn,	J.	T.,	Culver,	J.	P.,	Herzog,	
E.	D.,	Hogenesch,	J.	B.,	Wozniak,	D.	F.,	Dikranian,	K.,	Giasson,	
B.	I.,	Weaver,	D.	R.,	Holtzman,	D.	M.,	&	FitzGerald,	G.	A.	(2013).	
Circadian	clock	proteins	regulate	neuronal	redox	hemeostasis	
and	neurodegeneration.	Journal of Clinical Investigation,	123,	
5389–	5400.	https://doi.org/10.1172/JCI70317

Noh,	J.	Y.,	Han,	D.	H.,	Kim,	M.	H.,	Ko,	 I.	G.,	Kim,	S.	E.,	Park,	N.,	
Choe,	H.	K.,	Kim,	K.	H.,	Kim,	K.,	Kim,	C.	J.,	&	Cho,	S.	(2014).	
Presence	 of	 multiple	 peripheral	 circadian	 oscillators	 in	 the	
tissues	 controlling	 voiding	 function	 in	 mice.	 Experimental 
& Molecular Medicine,	 7(46),	 e81.	 https://doi.org/10.1038/
emm.2013.153

Noh,	 J.	Y.,	 Han,	 D.	 H.,	Yoon,	 J.	 A.,	 Kim,	 M.	 H.,	 Kim,	 S.	 E.,	 Ko,	 I.	
G.,	Kim,	K.	H.,	Kim,	C.	J.,	&	Cho,	S.	(2011).	Circadian	rhythms	
in	 urinary	 functions:	 Possible	 roles	 of	 circadian	 clocks?	
International Neurourology Journal,	 15,	 64–	73.	 https://doi.
org/10.5213/inj.2011.15.2.64

Park,	N.,	Chen,	S.,	Son,	G.	H.,	Cho,	S.,	&	Kim,	K.	 (2012).	Chronic	
circadian	disturbance	by	a	shortened	light-	dark	cycle	increases	
mortality.	Neurobiology of Aging,	33,	1122.e11–	e22.	https://doi.
org/10.1016/j.neuro	biola	ging.2011.11.005

Reinke,	H.,	&	Asher,	G.	(2019).	Crosstalk	between	metabolism	and	
circadian	clocks.	Nature Reviews Molecular Cell Biology,	20(4),	
227–	241.	https://doi.org/10.1038/s4158	0-	018-	0096-	9

Sanchez-	Alavez,	M.,	Klein,	I.,	Brownell,	S.	E.,	Tabarean,	I.	V.,	Davis,	
C.	 N.,	 Conti,	 B.,	 &	 Bartfai,	 T.	 (2017).	 Night	 eating	 and	 obe-
sity	 in	 the	EP3R-	deficient	mouse.	Proceedings of the National 
Academy of Sciences of the United States of America,	104,	3009–	
3014.	https://doi.org/10.1073/pnas.06112	0910

Skovsø,	S.	(2014).	Modeling	type	2	diabetes	in	rats	using	high	fat	diet	
and	 streptozotocin.	 Journal of Diabetes Investigation,	 5,	 349–	
358.	https://doi.org/10.1111/jdi.12235

Skovsø,	S.,	Damgaard,	J.,	Fels,	J.	J.,	Olsen,	G.	S.,	Wolf,	X.	A.,	Rolin,	
B.,	 &	 Holst,	 J.	 J.	 (2015).	 Effects	 of	 insulin	 therapy	 on	 weight	
gain	and	fat	distribution	in	the	HF/HS-	STZ	rat	model	of	type	
2	diabetes.	International Journal of Obesity,	39(10),	1531–	1538.	
https://doi.org/10.1038/ijo.2015.92

Teixeira,	K.	R.	C.,	Dos	Santos,	C.	P.,	de	Medeiros,	L.	A.,	Mendes,	J.	A.,	
Cunha,	T.	M.,	De	Angelis,	K.,	Penha-	Silva,	N.,	de	Oliveira,	E.	P.,	

&	Crispim,	C.	A.	(2019).	Night	workers	have	lower	levels	of	an-
tioxidant	defenses	and	higher	levels	of	oxidative	stress	damage	
when	 compared	 to	 day	 workers.	 Scientific Reports,	 9(1):4455.	
https://doi.org/10.1038/s4159	8-	019-	40989	-	6

Xu,	 Y.	 Q.,	 Zhang,	 D.,	 Jin,	 T.,	 Cai,	 D.	 J.,	 Wu,	 Q.,	 Lu,	 Y.,	 Liu,	 J.,	 &	
Klaassen,	 C.	 D.	 (2012).	 Diurnal	 variation	 of	 hepatic	 antioxi-
dant	gene	expression	in	mice.	PLoS One,	7,	e44237.	https://doi.
org/10.1371/journ	al.pone.0044237

Yin,	 Y.,	 Zheng,	 Z.,	 &	 Jiang,	 Z.	 (2019).	 Effects	 of	 lycopene	 on	 me-
tabolism	 of	 lycolipid	 in	 type	 2	 diabetic	 rats.	 Biomedicine & 
Pharmacotherapy,	 109,	 2070–	2077.	 https://doi.org/10.1016/j.
biopha.2018.07.100

Yoon,	J.	A.,	Han,	D.	H.,	Noh,	J.	Y.,	Kim,	M.	H.,	Son,	G.	H.,	Kim,	K.,	
Kim,	C.	J.,	Pak,	Y.	K.,	&	Cho,	S.	(2012).	Meal	time	shift	disturbs	
circadian	rhythmicity	along	with	metabolic	and	behavioral	al-
terations	in	mice.	PLoS One,	7,	e44053.	https://doi.org/10.1371/
journ	al.pone.0044053

Yu,	G.	M.,	&	Tan,	W.	(2019).	Melatonin	inhibits	lipopolysaccharide-	
induced	inflammation	and	oxidative	stress	in	cultured	mouse	
mammary	 tissue.	 Mediators of Inflammation,	 12(2019),	
8597159.	https://doi.org/10.1155/2019/8597159

Zimmet,	P.,	Alberti,	K.	G.	M.	M.,	Stern,	N.,	Bilu,	C.,	El-	Osta,	A.,	Einat,	
H.,	 &	 Kronfeld-	Schor,	 N.	 (2019).	The	 Circadian	 syndrome:	 Is	
the	 metabolic	 syndrome	 and	 much	 more!	 Journal of Internal 
Medicine,	286(2),	181–	191.	https://doi.org/10.1111/joim.12924

Zoto,	E.,	Cenko,	F.,	Doci,	P.,	&	Rizza,	S.	(2019).	Effect	of	night	shift	
work	 on	 risk	 of	 diabetes	 in	 healthy	 nurses	 in	 Albania.	 Acta 
Diabetologica,	 56(7),	 811–	813.	 https://doi.org/10.1007/s0059	2-	
019-	01307	-	8

SUPPORTING INFORMATION
Additional	 supporting	 information	 may	 be	 found	 in	 the	
online	version	of	the	article	at	the	publisher’s	website.

How to cite this article:	Park,	J.,	Kim,	J.,	Yun,	Y.,	
Han,	D.-	H.,	Kim,	K.,	Hong,	J.,	&	Cho,	S.	(2022).	
Daily	injection	of	melatonin	inhibits	insulin	
resistance	induced	by	chronic	mealtime	shift.	
Physiological Reports,	10, e15227.	https://doi.
org/10.14814/	phy2.15227

https://doi.org/10.1196/annals.1404.027
https://doi.org/10.1196/annals.1404.027
https://doi.org/10.1172/JCI70317
https://doi.org/10.1038/emm.2013.153
https://doi.org/10.1038/emm.2013.153
https://doi.org/10.5213/inj.2011.15.2.64
https://doi.org/10.5213/inj.2011.15.2.64
https://doi.org/10.1016/j.neurobiolaging.2011.11.005
https://doi.org/10.1016/j.neurobiolaging.2011.11.005
https://doi.org/10.1038/s41580-018-0096-9
https://doi.org/10.1073/pnas.061120910
https://doi.org/10.1111/jdi.12235
https://doi.org/10.1038/ijo.2015.92
https://doi.org/10.1038/s41598-019-40989-6
https://doi.org/10.1371/journal.pone.0044237
https://doi.org/10.1371/journal.pone.0044237
https://doi.org/10.1016/j.biopha.2018.07.100
https://doi.org/10.1016/j.biopha.2018.07.100
https://doi.org/10.1371/journal.pone.0044053
https://doi.org/10.1371/journal.pone.0044053
https://doi.org/10.1155/2019/8597159
https://doi.org/10.1111/joim.12924
https://doi.org/10.1007/s00592-019-01307-8
https://doi.org/10.1007/s00592-019-01307-8
https://doi.org/10.14814/phy2.15227
https://doi.org/10.14814/phy2.15227

